PURPOSE. To quantitatively evaluate the superficial microvasculature in the macular and peripapillary areas in glaucomatous and healthy eyes using optical coherence tomography angiography (OCT-A).
G laucoma is a degenerative disease characterized by the progressive loss of retinal ganglion cells (RGCs) and their accompanying axons. 1 The core element in the diagnosis of glaucoma is the presence of characteristic visual field defects, but as many as 30% to 50% of RGCs may be lost before visual field deficits are detected clinically. 2, 3 Therefore, a direct evaluation of RGC loss may aid in the early detection of glaucoma. 1 Traditionally, retinal nerve fiber layer (RNFL) thinning around the optic nerve head has been regarded as a measurement of RGC loss in glaucoma.
Advances in the segmentation algorithms of spectraldomain optical coherence tomography (SD-OCT) have enabled a better quantitative assessment of the ganglion cell complex (GCC), which includes the three innermost retinal layers: the RNFL; the ganglion cell layer (GCL); and the inner plexiform layer (IPL). 4 Since approximately one-half of all RGCs reside in the macula, analyzing the macular GCC using SD-OCT becomes an effective method to assess RGC loss clinically. 1, 5 To date, several reports have found a high diagnostic accuracy of GCC for diagnosing glaucoma and have demonstrated that this accuracy is comparable to that of RNFL measurements. 4, 6, 7 In addition to the degeneration of RGCs, there is increasing evidence that decreased ocular blood flow of the optic nerve may play an important role in the pathogenesis of glaucoma. [8] [9] [10] Radial peripapillary capillaries (RPCs), which compose a unique capillary plexus within the RNFL, constitute a critical blood source to satisfy the nutritional demands of RGC axons. 11 Although histologic studies have described the correlation between changes in RPC networks, Bjerrum scotoma, and glaucoma, in vivo studies have been limited by the lack of a technique to quantitatively characterize this microvasculature. 12, 13 In this regard, optical coherence tomography angiography (OCT-A) offers insight into the perfusion status of the measured region and has been used to characterize the vasculature in various retinal layers. 14, 15 Recently, researchers used OCT-A to quantify the density of perfused vessels in the optic nerve head and peripapillary region in glaucoma, and numerous lines of evidence have shown strong correlations between vessel density measurements and RNFL defects, visual field deficits, and the severity of glaucoma. [24] [25] [26] However, the superficial retinal microvasculature in the macular area in glaucoma remains unclear.
Given that RPCs are important for maintaining the normal function of RGC axons and a significant portion of RGCs reside in the macula, we hypothesized that the macular superficial microvasculature may play a critical role in the pathogenesis of glaucoma. A literature review revealed few studies concerning the macular microvasculature in glaucoma patients. 27 Therefore, the aim of the present investigation was to measure the superficial microvasculature in the macula by OCT-A in glaucomatous and healthy subjects and to clarify the relationship between vessel density and glaucoma. We also measured the vessel density in the peripapillary area; the circumpapillary RNFL (cpRNFL) thickness; and the GCC thickness to compare the diagnostic accuracy among these parameters. Finally, we evaluated the correlations between vessel density values, cpRNFL thickness, GCC thickness, and glaucoma severity. The results of this study may provide further information about the pathophysiology of glaucoma, and the identified parameters may be used to improve the diagnostic accuracy for glaucoma.
METHODS Study Design and Patient Recruitment
This prospective cross-sectional study was conducted at Chang Gung Memorial Hospital, Taiwan between June 2016 and November 2016. The study protocol was approved by the Institutional Review Board of Chang Gung Memorial Hospital and adhered to the tenets of the Declaration of Helsinki. Written informed consent was obtained from all study participants.
The study included primary open-angle glaucoma (POAG) and healthy patients who were aged older than 20 years and presented an open anterior chamber angle on gonioscopy, best-corrected visual acuity ‡20/25, and refractive errors less than 6 diopters. All patients underwent complete comprehensive ophthalmic examinations, including slit lamp biomicroscopy; gonioscopy; fundoscopy; intraocular pressure (IOP) measurement with Goldmann applanation tonometry; stereoscopic photography; ultrasound pachymetry (Aviso; Quantel Medical, Cournon d'Auvergne Cedex, France); and standard automated perimetry (SAP) (Humphrey Field Analyzer II; Carl Zeiss Meditec, Dublin, CA, USA). Systemic blood pressure was measured by sphygmomanometry in an upright sitting position after a 10-minute rest period. Participants with a history of hypertension and diabetes mellitus were included unless they were diagnosed with diabetic or hypertensive retinopathy.
The following exclusion criteria were used: (1) a history of intraocular surgery; (2) secondary causes of glaucoma, such as uveitis, trauma, or steroid use; (3) nonglaucomatous optic neuropathy; and (4) coexisting vitreoretinopathies or other ocular or systemic diseases known to impair the visual field. Patients with suspicious glaucomatous optic discs and/or ocular hypertension (IOP >21 mm Hg) but normal visual field tests were also excluded.
Healthy subjects were required to have normal-appearing optic discs, intact neuroretinal rims and RNFLs, IOP <21 mm Hg, and normal visual field test results, defined as a pattern standard deviation (PSD) within the 95% confidence limits and a glaucoma hemifield test (GHT) result within normal limits. The healthy subjects did not present with ocular disease except for refractive errors. In cases in which both eyes of a normal or glaucomatous patient met the inclusion criteria, only a single eye from each patient was selected at random and included in the study.
Standard Automated Perimetry
Visual fields were acquired using the Swedish Interactive Threshold Algorithm standard 30-2 strategies. Only reliable tests ( 33% fixation losses, 10% false-positives, and 10% false-negatives); visual fields without rim and eyelid artifacts; and cases with no evidence that the abnormal results were caused by diseases other than glaucoma were included. Glaucoma was confirmed by the presence of at least two repeatable abnormal SAP results, which were defined as follows: (1) the GHT was outside the normal limits or PSD was significant at a P < 5% level and (2) the presence of a cluster of three or more adjacent points in typical glaucomatous locations did not cross the horizontal meridian, all of which were depressed on the pattern deviation plot at a P < 5% level and one of which was depressed at a P < 1% level on at least two consecutive plots. The severity of glaucoma was recorded as the MD value.
Optical Coherence Tomography Angiography
The optical coherence tomography angiography imaging system (AngioVue; Optovue, Inc., Fremont, CA, USA) uses an 840-nm superluminescent diode and has an A-scan rate of 70,000 scans per second. The split-spectrum amplitudedecorrelation angiography algorithm distinguishes the movement of the red blood cells in a flowing blood vessel to generate angiographic images of perfused vessels and optimize the image acquisition. 14 Each patient underwent two imaging sessions consisting of both a 4.5 3 4.5-mm-diameter peripapillary scan centered on the optic disc and a 6.0 3 6.0-mm-diameter perifoveal scan centered at the fovea. Vessel density of the RPC in the peripapillary area was defined as extending from the internal limiting membrane (ILM) to the posterior boundary of the RNFL. Superficial vessel density in the macula was imaged from the ILM to the posterior boundary of the IPL. Vessel density was calculated by the percentage area occupied by flowing blood vessels in the selected region using the intrinsic imaging system software (Optovue, Inc.). For peripapillary scans, the whole enface image vessel density (wiVD) was measured in the entire 4.5 3 4.5-mm image, and the circumpapillary vessel density (cpVD) was measured in a 750-lm-wide elliptical annulus extending outward from the optic disc boundary (Fig. 1 , top row, left). For macular scans, the wiVD was measured in the entire 6.0 3 6.0-mm image, and the parafoveal region was measured in an annulus with an outer diameter of 3 mm and an inner diameter of 1 mm (Fig.  1 , top row, right).
Poor quality scans, defined as images with (1) a signal strength index of less than 45; (2) residual motion artifacts visible as an irregular vessel pattern or disc boundary on the en face angiogram; (3) RNFL segmentation errors; or (4) a local weak signal caused by medial opacities, were excluded.
For the measurements of GCC and cpRNFL, the built-in Avanti glaucoma module enabled assessment of the optic nerve head and cpRNFL and provided GCC scans. The thickness of cpRNFL was obtained along a 3.45-mm-diameter circle centered on the optic disc. The ganglion cell complex scan was centered 1-mm temporal to the fovea and covered a 6-mmdiameter circular area on the central macula. All participants underwent both OCT-A and SD-OCT imaging on the same day. The superior arcuate scotoma is consistent with capillary dropout at the inferotemporal region of the peripapillary and perifoveal retina (red arrows). In addition, a focal capillary dropout (white arrows) could be seen in the superotemporal region outside the parafoveal retina. Peripapillary scanning did not detect the early changes, but the GCC map showed localized GCC thinning in the same area (white arrows), and the visual field results revealed early defects at the corresponding inferonasal site (yellow arrows). I, inferior; IN, inferonasal; IT, inferotemporal; N, nasal; S, superior; SN, superonasal; ST, superotemporal; T, temporal.
Statistical Analysis
Continuous variables are presented as means and standard deviations, and categorical variables are presented as frequencies and percentages. The Mann-Whitney U test and v 2 test were used to compare the data variables between the glaucoma group and the normal control group where appropriate. Areas under the receiver operating characteristic (AUROC) curves were used to reflect the diagnostic accuracy of each parameter to differentiate between glaucomatous and healthy eyes. An AUROC of 1.0 represents perfect discrimination, whereas an AUROC of 0.5 represents chance discrimination. DeLong's test was used to test for the statistical significance of performance differences between the AUROC curves. Quadratic (curvilinear) regression models were used to evaluate the relationship between visual field severity and other variables, including macular vessel density, peripapillary vessel density, cpRNFL thickness, and GCC thickness. The results are reported as R 2 values (coefficient of determination), indicating the proportion of the variance in the dependent variable that was predictable from the independent variable. Pearson's correlation coefficient was also used to measure the strength of the relationship between paired data. The coefficient value (c) represented weak (0.20-0.39); moderate (0.40-0.59); or strong (0.60-0.79) correlation. A value off P < 0.05 was considered statistically significant. All statistical analyses were performed using commercial software (Stata, version 14; StataCorp, College Station, TX, USA; and SPSS version 20.0; SPSS, Inc., Chicago, IL, USA).
RESULTS
A total of 26 eyes of 26 POAG patients and 27 eyes of 27 healthy subjects met the criteria and were included in the analyses. There were no significant differences in eye laterality and patient sex between the two groups (P ¼ 0.69 and 0.90, respectively; Table 1 ). The mean age at examination in the glaucoma patients and healthy subjects was 57 6 13 years (range, 30-73) and 57 6 12 years (range, 30-72; P ¼ 0.84), respectively. Both the systolic and diastolic blood pressure values in the POAG patients were higher than those in healthy subjects (P < 0.001 for both). Several systemic conditions and diseases were analyzed, including heart rate, diabetes mellitus, hypertension, cardiovascular disease, and the use of systemic medications. None of these values significantly differed between the glaucoma and control groups (P > 0.05 for all). Regarding ocular characteristics, neither baseline IOP (13. differed between the glaucoma and control groups (P ¼ 0.89 and 0.18, respectively). All participants (100%) in the glaucoma group were treated using at least one type of ocular antihypertensive medication at the time of OCT-A imaging, including 18 patients (69.2%) treated with prostaglandin analogues; 6 patients (23.1%) with b-adrenergic antagonists; 1 patient (3.8%) with adrenergic agonists; 1 patient (3.8%) with carbonic anhydrase inhibitors; and 8 patients (30.8%) with fixed combinations.
Peripapillary and Macular Vessel Density, cpRNFL and GCC Thickness
For vessel density in the peripapillary area, the wiVD values in glaucomatous eyes were significantly lower than those in healthy eyes (43.8% 6 5.7% vs. 53.3% 6 3.0%, P < 0.001). The average cpVD values in glaucomatous eyes were also lower than those in healthy eyes (53.3% 6 7.0% vs. 61.5% 6 3.2%, P < 0.001), especially in the inferotemporal (46.2% 6 10.9% vs. 66.4% 6 5.0%) and superotemporal quadrants (55.9% 6 10.2% vs. 66.0% 6 0.3%; P < 0.001 for both). Regarding vessel density in the macular area, the wiVD values in glaucomatous eyes were also lower than those in healthy eyes (38.5% 6 2.2% vs. 43.2% 6 2.3%, P < 0.001), but there were no significant differences in the foveal or the parafoveal area vessel density, including the average values, superior and inferior hemifield values, and any of the four quadrants (P > 0.05 for all). The absolute values of the differences between superior-hemi and inferior-hemi parafoveal vessel density were relatively greater in glaucomatous eyes than in healthy eyes (2.7% 6 2.1% vs. 2.2% 6 2.1%), but this difference did not reach statistical significance (P ¼ 0.21; Table 2 ). As expected, both cpRNFL thickness and GCC thickness were significantly thinner in the glaucomatous eyes than in the healthy eyes (P < 0.001 for all), including the average values, and the superior and inferior hemifield values (Table 2) .
Diagnostic Abilities of Vessel Density, cpRNFL and GCC Thickness
Overall, the AUROC for discriminating between glaucomatous and healthy eyes was highest for cpRNFL thickness (0.95) and GCC thickness (0.95), followed by macular wiVD (0.94); peripapillary wiVD (0.93); and cpVD (0.89; Table 3 ; Fig. 2) . The macular wiVD, peripapillary wiVD, and cpRNFL thickness showed the greatest sensitivity at 80% specificity (sensitivity: 0.92), and the GCC thickness showed the greatest sensitivity at 90% specificity (sensitivity: 0.89). Pairwise comparisons showed that the diagnostic accuracies among macular wiVD, peripapillary wiVD, cpVD, and cpRNFL and GCC thickness were similar (P > 0.05 for all) for differentiating between glaucomatous and healthy eyes, except for the comparison between peripapillary wiVD and cpVD. The AUROC of peripapillary wiVD (0.93) was somewhat higher than that of cpVD (0.89) and reached borderline statistical significance (P ¼ 0.05).
Correlation Between Vessel Density, cpRNFL and GCC Thickness, and Visual Field Severity
The vascular-functional and structural-functional relationships between SAP-MD were strongest with peripapillary wiVD (R 2 ¼ 0.58), followed by cpVD (R 2 ¼ 0.55); GCC thickness (R 2 ¼ 0.51); cpRNFL thickness (R 2 ¼ 0.42); and macular wiVD (R 2 ¼ 0.36; Fig. 3 ). Pearson's correlation tests showed that the peripapillary wiVD (c ¼ 0.74); cpVD (c ¼ 0.73); cpRNFL thickness (c ¼ 0.65); and GCC thickness (c ¼ 0.69) had strong positive correlations with SAP-MD (P < 0.001 for all) and that the macular wiVD had a moderate positive correlation with SAP-MD (c ¼ 0.59; P < 0.001). In addition, we did not find significant correlations between macular vessel density and disc area (P ¼ 0.10) in this study.
DISCUSSION
In the present investigation, we demonstrated that OCT-A vessel density, measured in the superficial layer of the retina in the macular area, distinguishes between groups of glaucomatous and healthy subjects. The macular wiVD showed a diagnostic accuracy comparable to that of other known metrics such as cpRNFL and GCC thickness for differentiating between glaucomatous and healthy eyes. We also observed a significant relationship between the superficial retinal microvasculature in the macular area and the severity of visual field damage, suggesting that a more prominently reduced OCT-A macular superficial vessel density is associated with more severe glaucoma.
Optical coherence tomography angiography has demonstrated its importance with respect to diagnosing glaucoma and understanding the pathophysiology of this disease. An attenuated microvascular network of the optic disc perfusion has been observed in subjects with glaucoma, 15, 24 and Liu and colleagues 25 found reduced peripapillary retinal perfusion in glaucomatous eyes. These reports assessed both the superficial and deep capillary circulation and calculated blood flows in a thick retinal slab from the ILM to the retinal pigment epithelium. 15, 24, 25 With the advance of software in addressing image segmentation and quantification, more studies have evaluated the microvasculature in the RNFL layer, which reflects the RPCs, and reported a decreased cpVD in glaucoma patients. 17, 21, 22 Using OCT-A, researchers also found a lower cpVD in patients with lamina cribrosa defects and the presence of parapapillary deep-layer microvasculature dropout at the location of b-zone parapapillary atrophy. 20, 23 Our current study went further and measured the superficial vessel density in the macular area to demonstrate a significant difference between glaucomatous eyes and healthy eyes. In particular, the macular superficial vessel density in glaucomatous eyes was lower than that in healthy eyes.
Measuring the macular vessel density in the diagnosis or evaluation of glaucoma has several advantages different from measuring the peripapillary vessel density. First, focal RNFL damage in early glaucoma may be more apparent in the retina farther from the peripapillary region, 28 and therefore, the peripapillary vessel density or the cpRNFL may not detect early changes, as shown in Figure 1 . In addition, the myopic disc, especially in high myopia, is usually characterized by a tilted appearance and large peripapillary atrophy. The changes in the peripapillary structures may impede the discrimination between glaucomatous and normal myopic eyes. Moreover, myopic eyes have less peripapillary retinal perfusion than emmetropic eyes. 29 Wang and associates 30 reported that eyes with a tessellated fundus showed lower peripapillary retinal perfusion than eyes without a tessellated fundus, even after adjustments for sex and cpRNFL thickness, but no difference in retinal perfusion was found in the perifoveal area. Finally, the peripapillary vessel density and structural measurements, such as RNFL and optic nerve head parameters (rim, cup, etc.), have been shown to be associated with disc size. 22, 31 Our study did not find a significant correlation between macular vessel density and disc size in glaucomatous eyes or healthy eyes.
In the present study, reduced macular wiVD was observed in glaucomatous eyes, but we did not find significant differences in the vessel density of the parafoveal area or the superior and inferior hemifield, and absolute values of superior-inferior differences between glaucomatous and healthy eyes. There are several possible explanations for this result. First, the larger measurement area of macular wiVD has the advantage of detecting more peripheral changes. As shown in Figure 1 , vessel dropout is visible qualitatively in the periphery outside the measurement area of the parafoveal region. It was reported that a larger measurement area of the peripapillary wiVD provides better diagnostic performance than cpVD with respect to the ability to differentiate between glaucomatous and healthy eyes. 17 In our study, the diagnostic ability of peripapillary wiVD (0.93) was also higher than that of cpVD (0.89) and reached borderline statistical significance (P ¼ 0.05). Second, we enrolled glaucoma patients with visual field defects at the superior hemifield only, the inferior hemifield only, or with both superior and inferior defects into the analysis to better reflect the general population, and this heterogeneity may have offset the differences in vessel density between superior and inferior hemifields. Moreover, in eyes with visual field damage confined to a single hemifield, the vessel density in the intact hemiretinae of glaucomatous eyes was still lower than that in healthy eyes in both peripapillary and macular regions, 27 which may partially explain why the absolute values of the differences in vessel density between superior and inferior hemifields in the present study were relatively greater in glaucomatous eyes than in healthy eyes but did not reach statistical significance.
Regarding the diagnostic abilities for differentiating glaucomatous eyes from healthy eyes, our results are consistent with the findings of recent studies that have shown comparable diagnostic accuracies among vessel density, cpRNFL thickness, and GCC thickness. 17, 21, 25 Research has also shown that a reduction in vessel density was significantly correlated with reduced cpRNFL and GCC thickness in eyes with openangle glaucoma. 24 However, these reports assessed the vascular parameters in the peripapillary region. 17, 21, 25 Our results showed that changes in macular superficial vessel density may also be a reliable diagnostic parameter for detecting glaucoma with similar sensitivities. Pairwise comparison revealed that macular wiVD had the same diagnostic power performance as other metrics.
Many studies have revealed that the vessel density measurements in the peripapillary retina are significantly correlated with cpRNFL thickness and visual field loss (either MD, PSD, or visual field index values). 19, 21, 22, 24, 25 Yarmohammadi and associates 8 also reported that decreased vessel density was significantly associated with the severity of visual field damage independent of structural loss, and the vascularfunctional correlations were stronger than the standard structural (cpRNFL and rim area)-functional relationships. Furthermore, the decreased vessel density was correlated at the corresponding side of the visual field defect. 22 By using curvilinear regression analysis, our study showed not only a strong correlation between visual field severity with measurements of vessel density around the peripapillary area but also a moderate correlation with measurements of vessel density around the macular area. The reason why macular vessel density showed a relatively lower correlation with visual field severity than with peripapillary vessel density is unclear, although one possible explanation is that superficial retinal vessels in the parafoveal area are the terminal branches of retinal vessels. The vessel dropout may exhibit a stepwise decrease during the early stage of glaucoma but reach a floor during the late stage of glaucoma. Another possible reason is that the current OCT-A instrument identifies vessels on the basis of the amplitude decorrelation of blood flow, and this technique is related to blood flow over only a limited range above a certain threshold of motion. In other words, vessels with a flow below the threshold of the device are not visualized. 32 Thus, the correlated powers of the microvasculature may be limited in advanced glaucoma with extensive vessel dropout.
The strength of this study is that we measured the OCT-A vessel density in both the peripapillary area and macular area at the same time, and we also compared the diagnostic accuracy of vessel density with structural cpRNFL or GCC thickness for discriminating between healthy and glaucomatous patients. Collectively, the results of our study suggest that measures of macular vessel density may be useful for diagnosing glaucoma and evaluating disease severity. Quantifying macular superficial vessel density may be particularly useful for assessing patients with myopic optic discs, where the measures of cpRNFL are commonly influenced by disc tilting and peripapillary atrophy.
Our study also presents certain limitations. First, there is a potential confounding effect of ocular hypotensive eye drops on the hemodynamics of ocular blood flow and retinal vascular autoregulation. [33] [34] [35] Currently, five main classes of topical drugs are available in the market: beta blockers and carbonic anhydrase inhibitors decrease aqueous humor production and may be considered as ''inflow'' drugs; prostaglandin analogues, sympathomimetics, and miotics stimulate aqueous humor drainage and may be considered as ''outflow'' drugs. 36 Brimonidine is an alpha2-adrenergic receptor agonist that modulates the vasomotor response of retinal arterioles by altering nitric oxide signaling. 33 Carbonic anhydrase inhibitors may increase tissue carbon dioxide concentrations, resulting in vascular dilation and increased blood flow. 34 Prostaglandin analogues improve optic nerve head blood flow probably by a direct vasodilator effect. 35 The effects of antiglaucoma eye drops require 1 to 4 weeks to wash out, 5 and because of ethical and medical concerns, the glaucomatous patients in the current study did not stop using antiglaucoma eye drops at the time of the examination. Therefore, the glaucomatous eyes in the present study should be more precisely described as medically treated glaucomatous eyes. Nevertheless, we observed that focal decreased flow correlated with areas of glaucomatous damage, and it was not reasonable to expect a focal deficit secondary to medication use. The effect of antiglaucoma eye drops on perfusion warrants further study. Second, our study population included glaucoma patients with different severities. The small sample size in this study prevented the further subgroup analysis of glaucoma patients with different disease severities. The restricted sample size may also partially explain the lack of statistically significant differences in some sector-wise measurements of macular vessel density between glaucomatous and healthy eyes. The lack of patients with preperimetric glaucoma as a comparison group also limits the powers of our findings. Further studies with more participants to evaluate whether OCT-A has a sufficient dynamic range to provide clinically relevant information across the full spectrum of glaucoma severity are warranted. Moreover, publications have shown that the mean vessel density is significantly correlated with age range and sex. 37 In healthy eyes, macular perfusion decreased with increasing age and decreased more rapidly in males than in females. 16 Since there was no significant difference in age or sex between our study groups, there was no need for further adjustment in the current study. However, future studies should consider the variation among different study populations. Finally, since this was a cross-sectional study, we could not comment on the effectiveness of vessel density measurements in assessing disease progression. Longitudinal studies will help clarify the temporal relationships between vascular changes and glaucomatous changes in healthy participants, individuals with suspected glaucoma, and individuals with glaucoma.
In summary, glaucomatous eyes have a significantly sparser superficial vessel density in the macula than do healthy eyes, and these vessel density measurements are significantly associated with the severity of visual field damage. Measurements of macular superficial vessel density show comparable diagnostic powers to other vascular or structural measurements for differentiating glaucomatous and healthy eyes. These findings offer new insights into the pathophysiology of glaucoma. Further studies excluding the effects of glaucoma medications are needed to investigate the relationship between vascular changes and glaucomatous damages.
